SYNOPSIS. TWO main defense strategies against hypoxia tolerant animals have been identified in earlier studies: (i) reduction in energy turnover and (ii) improved energetic efficiency of those metabolic processes that remain. Two model systems were developed from the highly anoxia tolerant aquatic turtle-(i) tissue slices of brain cortex (to probe cell level electrophysiological responses to oxygen limitation) and (ii) isolated liver hepatocytes (to probe signalling and defense). In the latter, a series of mechanisms underpinning hypoxia defense is initiated with an oxygen sensor (probably a heme protein) and a message transduction pathway leading to the specific activation of some genes (increased expression of several proteins) and to specific down regulation of other genes (decreased expression of several other proteins). The pathway seems similar to oxygen regulated schemes in other cells. The main roles for the oxygen sensing and signal transduction system appear to include coordinate down regulation of energy demand and energy supply pathways in metabolism. By this means, hypoxia tolerant cells stay in energy balance as they down regulate to extremely low levels of ATP turnover. The main ATP demand pathways in normoxia (protein synthesis, protein degradation, glucose synthesis, urea synthesis, and maintenance of electrochemical gradients) are all depressed to variable degree during anoxia or extreme hypoxia. However, Na + K + ATPase is the main energy sink in anoxia-despite significant reductions in cell membrane permeability ("channel arrest"). Turtle brain cortical cells also show lower permeability than do homologous hypoxia sensitive cells, but in this case under acute anoxia, there is no further change in cell membrane conductivity. These two models may supply guidelines for further studies of estuarine animals on how normoxic maintenance ATP turnover rates can be down regulated by an order of magnitude or more-to new hypometabolic steady states prerequisite for surviving prolonged hypoxia or anoxia.
INTRODUCTION
posed only a few strategies of hypoxia adOf the various stressful environmental aptation used in variable combinations by parameters encountered by ectothermic or-such organisms. The dominant strategies inganisms, periodic or extended oxygen lim-elude (i) the down regulation of energy itation is one of the most difficult to cir-turnover (Hochachka and Somero, 1984; cumvent. During the 1970s and 1980s, bi-Hochachka and Guppy, 1987 Hand, 1993;  ologists interested in the comparative bio- Storey and Storey, 1990 ; Guppy et ai, chemistry of hypoxia (or anoxia) tolerance 1994), and (ii) up regulation of energetic turned to hypoxia tolerant species to supply efficiency, especially the stoichiometric efguidelines into hypoxia defense mecha-ficiencies, of ATP producing pathways (Honisms. Numerous studies of such species chachka, 1993a). In the latter in hypoxic (some of which are so anoxia tolerant they situations, pathways which maximize the are referred to as "facultative" anaerobes yield of ATP per mole oxygen are favored, (Storey and Hochachka, 1974) have ex-while in many anoxia tolerant invertebrates including estuarine species, anaerobic path-1 From the Symposium Molecules to Mudflats pre-ways which maximize the yield of ATP per sented at the Annual Meeting of the Society for Into-m o l e o f H + ^ f a v o r e d (Hochachka, 1993ft, grative and Comparative Biology, 26-30 December , _ _ . . T , . . . , 1995 T , . . . , , at Washington, D.c. 1994 . In hypoxia or anoxia adaptation, the 2 E-mail:pwh@zoology.ubc.ca.
ratio of anaerobic/aerobic metabolic poten-tials may be up regulated, coincident with up regulation of [glycogen] (fermentable substrate) and of buffering capacities. Although different combinations of defense mechanisms may be used, evaluation of such hypoxia defense strategies consistently indicates that suppression of energy turnover supplies the greatest protection against, and thus, advantage in, hypoxia. This is found for both short term (or acute), intermediate term (acclimatory), or longer term (phylogenetic term) responses to limiting oxygen, and is emphasized by many biologists (Jackson, 1968; Storey and Storey, 1990; Hand, 1991 Hand, , 1993 Guppy et al., 1994; Land and Bernier, 1995) In a personal letter to the author, the late great comparative physiologist, Kjell Johansen, referred to this strategy as "turning down to the pilot light"; he, like many earlier workers, was acutely aware of its quantitatively immense importance. We recently pointed out that what has not been clarified is (i) how cells/tissues "know" when to turn on their hypoxia defense mechanisms, (ii) which pathways of ATP demand and ATP supply are down regulated or by how much, and (iii) how membrane electrochemical gradients are stabilized (see Hochachka et al., 1996a, b) . To our knowledge, these mechanistic issues to date have been explored mainly with vertebrate systems, not with estuarine species. However, at least tentatively it is reasonable to assume that cellular level responses to oxygen lack may be relatively conservative in evolution and thus similar in many different lineages. Thus this analysis relies largely on a vertebrate data base and develops a framework which is complementary to other studies more directly focussed on estuary animals and which may be useful for further comparative studies with estuarine organisms. It begins with the problem of acute (essentially instantaneous) response to change in oxygen availability.
How cells and tissues respond to acute changes in [oxygen]
Our recent insights into essentially instantaneous responses to varying availability of O 2 arose almost by serendipidy in the context of evaluating concepts of metabolic regulation Hochachka and Matheson, 1992; Hochachka, 1994) . That assessment led to several unexpected conclusions:
(i) For over 30 years metabolic biochemists have been searching, without success, for metabolite signals which could account for large scale changes in ATP turnover rates in tissues. Most current metabolic regulation theories are based on feedback and feedforward control loops where substrates and products serve to activate or inhibit key enzymes in pathways of ATP utilization or ATP production; ADP and Pi are often central to these models (see Balaban, 1990; Connett and Honig, 1989; Kushmerick et al., 1992) .
(ii) A major problem, not adequately addressed by the above regulation models, is that for many enzymes in pathways of ATP utilization and of ATP synthesis, there is a notable absence of large changes in substrate or product concentrations during up or down regulation of ATP turnover rate. We concluded that this leaves effective enzyme concentration as the regulatable parameter. In this view, the traditional roles of metabolite concentration changes are modified and are assumed to play fine tuning regulatory functions rather than major onoff switching functions (Hochachka and Matheson, 1992) . Hypometabolism means masking of catalytic potentials; metabolic activation means unmasking latent catalytic potentials.
(iii) At this time, only one metabolite "signal"-oxygen delivery-correlates directly with (upwards or downwards) changes in ATP turnover rates over the full (10 to over 100 fold) ranges observed. Especially relevant to the question of 0 2 regulation are recent studies showing that regulation of ATP demand and ATP supply pathways is concurrent (Arthur et al., 1992; Hogan et al., 1996) and that myoglobin saturation is constant over muscle metabolic rates approaching the aerobic ceiling (Richardson et al., 1995) . This means that at least in myoglobin containing cells 0 2 regulatory effects clearly occur at concentrations well above the apparent K^Oj) for mitochondrial metabolism. To account for constant intracellular [0 2 ] at varying work rates but a 1:1 relationship between 0 2 delivery and tissue energy demand, it is postulated (Hochachka, 1994; Thurman et al, 1993 ) that an 0 2 sensing system (not mitochondrial 0 2 consuming enzymes per se) must be involved (i) in transduction of the 0 2 signal and (ii) in the simultaneous regulation of ATP demand and ATP supply pathways. The location of the sensor is not known, but seemingly must lie between the capillary and the muscle cell membrane (Hochachka, 1994) .
(iv) 0 2 sensing and transduction mechanistic details mediating these kinds of large scale state transitions also are not well understood. However, two key conditions (near instantaneous transmission to all parts of the cell and near simultaneous activation of multiple enzymes in ATP demand pathways and in ATP supply) must be satisfied for this kind of control to be workable. A possible parsimonious model satisfying these two critical constraints is discussed elsewhere (Hochachka, 1994) ; here suffice to mention that 0 2 sensing and signal transduction during acute responses are largely unexplored problem areas in urgent need of further research. The situation however is somewhat more clear in acclimatory responses to environmental oxygen supplies.
Acclimatory responses to oxygen availability
The metabolic defense possibilities during longer term exposure to change in [0 2 ] increase probably as a function of time available for the adaptation. For example, within minutes to hours after an acute response to an hypoxic stress is stabilized (with appropriate adjustments in 0 2 fluxes to aerobic pathways of metabolism), cells may activate or silence batteries of genes in order to begin orchestrating longer term backup defenses against extended 0 2 limitation. In vivo it may take days to weeks to reach a new steady state, yet the entire process is included in the term acclimation. The important point to remember is that in response to intermediate time courses of exposure (acclimation times of hours to days to weeks), cells and tissues are able not only to adjust overall ATP turnover rates; they also can reorganize pathways of ATP demand and supply (by selective activation or repression of specific genes) so as to improve chances of organismal survival under hypoxic conditions.
Turtle hepatocytes are an easily manipulated system for examining these issues Land et al, 1993; Land and Hochachka, 1994 ). Interestingly, our recent studies (Land and Hochachka, 1995) suggest that under conditions of oxygen lack, the transcription-dependent expression of four proteins is preferentially up regulated, while the expression of five proteins is preferentially down regulated. We postulated that dioxygen is the proximate signal for these gene level responses to changing 0 2 availability and that it is mediated by a heme based 0 2 sensing protein comparable to that found in other preparations. Arrival at this concept relied on the approach commonly used in studies of oxygen sensing pathways in erythropoietin (EPO) biosynthesis. This research developed four experimental criteria for discriminating between oxygen sensing and signal transduction pathways vs. simple oxygen-dependent metabolic pathways. First, in oxygen sensing pathways, the response should be negated by normoxia even in the presence of metabolic poisons such as cyanide-as observed in the turtle hepatocyte gene expression changes in anoxia. Second, in heme protein oxygen sensing pathways, Co ++ or Ni ++ , which lock heme proteins in their deoxy conformation, should mimic anoxia effects-as observed in turtle hepatocyte gene expression changes. Third, in heme protein sensing pathways, carbon monoxide, which locks heme proteins in oxy conformation, should reverse anoxia effectsalso observed in the turtle hepatocyte data. Finally, heme synthesis inhibitors should counter the effects of Co ++ or Ni ++ in heme protein based oxygen sensing pathwaysagain observed in the turtle hepatocyte gene expression changes in anoxia (see Land and Hochachka, 1995) .
It is not known if the oxygen sensing pathway in turtle hepatocytes involves one round or two rounds of gene activation, as is the case in EPO regulation, but the pathway in turtle cells is probably similar to that Based on the EPO model described in the text, it is tentatively postulated that direct sensing of molecular oxygen is mediated by a heme protein, which regulates a first round of gene expression leading to altered production of hypoxia-inducible factor 1 (HIFl) and possibly other factors involved in the rescue of mRNA translation and protein synthesis. The function of HIFl is to regulate a second round of gene expression. These hypothetical two rounds of gene regulation are indicated with dotted arrows (to emphasize that in hepatocytes the control circuitries are assumed to be homologous to the EPO system in EPO producing cells). The overall effect includes the up regulation of several genes (at least 4 proteins; elongation factors for protein synthesis could be included in this control) with concomitant down regulation of several others. In rat liver cells (B), the hypoxia sensitive portion of this system modulates the protein kinase A (PKA) signal transduction system and down regulates the expression of genes for PEPCK and possibly other enzymes. Summary diagrams based on recent studies of hypoxia regulation of gene expression in turtle and rat hepatocytes (see text for references). Diagram modified from Hochachka et al., 1996a. found in rat liver cells. In the latter (Keitzmann et al, 1992 (Keitzmann et al, , 1993 , oxygen sensing and signal transduction seems to serve in modulating the effects of glucagon on gluconeogenic enzymes (Fig. 1) such as P-enolpyruvate carboxykinase (PEPCK) and on glycolytic enzymes such as pyruvate kinase (PK) and lactate dehydrogenase (LDH). Similar oxygen sensing and signal transduction control systems may be basic (i) to the coordinate hypoxic induction of glycolytic enzymes in myogenic cells (Webster and Murphy, 1988) , (ii) to the coordinate hypoxic suppression of Krebs cycle enzymes (Murphy et al, 1984) and (iii) to activation of cfos and cjun expression (Fig. 1 , lower right) in rat neonatal cardiac myocytes (Webster et al., 1994; Prabhakar et al, 1995) .
Perhaps the deepest analysis of a possibly homologous oxygen sensing system derives from studies of EPO regulation (Eckardt, 1994) . Searching for evidence to evaluate their postulate of a universal oxygen sensing pathway, Firth et al, (1994) established that the genes for human phosphoglycerate kinase (PGK 1 from human cancer cell lines) and for mouse LDH A (muscle type LDH from mouse fibroblasts) are induced by hypoxia; expression is favored by Co ++ but not cyanide and blocked by protein synthesis inhibition. The cw-acting control sequences, necessary for the hypoxia PGK induction, are located in the 5' flanking region of the PGK gene and are seemingly homologous to the so called hypoxia inducible factor 1 (HIF1) binding site within the EPO enhancer (3' flanking region of the EPO gene), which regulates EPO gene function (Maxwell et al, 1993; Wang and Semenza, 1993) . EPO, PGK, and LDH hypoxia-sensitive regulations are consistent with a classical two-step or two-cycle system: the first cycle regulates the expression of HIF1, while the second cycle of gene regulation, mediated by HIF1, is focussed onto EPO, PGK, or LDH biosynthesis per se. As already mentioned, it is not known if the hypoxia-sensitive proteins in turtle hepatocytes, in rat hepatocytes, and in myocytes are under one-cycle or two-cycle gene regulation (Fig. 1) .
Considered as a whole, the data support the hypotheses (i) that the heme protein based oxygen sensor and the oxygen-regulated control elements are widespread in vertebrate cells and (ii) that at least some of the hypoxia inducible proteins in turtle liver cells are glycolytic enzymes such as PGK, PK, and LDH, while the suppressed loci may well include genes for enzymes such as PEPCK involved in gluconeogenesis and for enzymes in mitochondrial oxygen-dependent metabolism (Murphy et al., 1984) .
In addition to the above four examples, oxygen regulation of gene expression based on studies with different preparations include the hemoxygenases (Murphy et al., 1991) , and stress proteins and chaperones (Benjamine et al., 1992) . In the case of cfos and cjun, the protein products are separately inactive; however, as heterodimers, they control the expression of a battery of other genes and thus can be viewed as "tertiary messengers" in the regulation of cellular responses to hypoxia (Webster et al., 1994) . Modified from Hochachka, 1994, 1995) .
If initial components of this "early intermediate" response system are homologous to the EPO oxygen sensing pathways, they would involve three cycles of gene activation (Fig. 1, lower right) . The cfos and cjun gene responses to hypoxia have not yet been assessed in turtle liver cells. However, it is known that the expression of HSP70, a quintessential stress protein, is not activated during oxygen lack (Land and Hochachka, 1995) . Be that as it may, this fascinating series of studies using several independent lines of investigation and quite different kinds of systems go a long way towards explaining how hypoxia tolerant cells (such as turtle liver cells) 'know' when conditions become hypoxic or anoxic and thus when to turn on hypoxia defense processes per se.
How cells and tissues balance ATP demand and supply pathways during hypoxia
As anticipated from the above studies, when liver hepatocytes encounter oxygen lack, they suppress energy turnover by a factor of almost 10 fold (see . All else being equal, a mole of ATP could sustain these cells for 10 times longer than under normoxia. To quantitatively assess this strategy, it is also necessary to know which ATP demand processes are turned down and by how much. To this end, we assessed the main energy demand functions under normoxia (energetically balanced by the oxygen consumption rates under these conditions) and compared these to the energy sinks remaining under anoxia. Under normoxia, the main energy sinks (Table 1) are (i) protein synthesis, (ii) protein degrada-tion, (iii) Na + , K + pumping, (iv) urea biosynthesis, and (v) glucose biosynthesis. The summed ATP demands of these processes account for essentially 100% of the ATP production expected from oxygen consumption (see Land et al., 1993; Hochachka, 1994, 1995) .
Assessing the same processes in turtle liver cells under anoxia is informative. Under these conditions, the ATP demand of protein turnover drops to less than 10% of normoxic rates, that remaining being critically involved in 'reprogramming' the cell for prolonged hypoxic survivial (Hochachka et al., 1996b) . Glucose synthesis is immeasurable (not surprising, since a major role of the liver under anoxic conditions is to release glucose for the rest of the body) and the biosynthesis of urea is greatly curtailed. Although the ATP requirements of the Na + K + ATPase are also reduced, the suppression is less than for overall ATP turnover. As a result, under anoxic conditions, the Na + pump becomes the cell's largest energy sink, accounting for up to 75% of the ATP demand of the cell . Although there may well be other low energy demand processes remaining under anoxic conditions, the quantitative ATP requirements of the energy demand pathways identified during anoxia fully account for the ATP generated by anaerobic glycolysis (Table 1) .
How metabolism and membrane functions remain coupled during hypoxia
At the outset, it is important to emphasize that even if ion pumping is in percentage terms the largest ATP sink during anoxia in turtle hepatocytes, its absolute ATPase or pumping activity is only about '/ 4 of normoxic levels. Direct estimates indicate that the electrochemical potential in anoxic liver cells is unchanged from normoxic cells . A decrease in permeability (termed generalized 'channel arrest' in the literature (Hochachka, 1986) ) is the mechanism by which we can account for (i) the drop in absolute Na + K + ATPase activity and for (ii) the simultaneous maintenance of normal electrochemical gradients. An earlier attempt to develop an hypoxia tolerance theory (Hochachka, 1986) , postulated (i) that hyoxia tolerant cells would have an inherent low permeability (either low channel densities or low channel activities) and (ii) that they would sustain a further suppression of membrane permeability to ions when exposed to oxygen lack (further 'channel arrest' by either suppression of channel densities or channel activities). Turtle liver cells display both of these characteristics (especially when compared to mammalian homologs), and thus fit the classical definition of metabolic and channel arrest as two key signatures of hypoxia tolerance (Hochachka, 1986) .
In turtle cortical cells at constant temperature, only the first criterion is met: a background electrical conductivity that is unusually low. When exposed to acute anoxia (for up to several hours), there is no further "channel arrest" and thus no further decrease in background conductivity of these neuronal cells. Under natural biological circumstances, oxygen limitation usually occurs concurrently with declining temperatures, which in this tissue can be thought of as the means for extending 'channel arrest' as an immediate hypoxia defense mechanism. This cold-mediated decline in membrane conductivity is not trivial: comparison of rat and turtle cortical cells at their respective biological temperatures (15 vs. 37°C) indicates that the conductivity of turtle cells can be as low as ^2 5 th the conductivity of rat cortical cells (Doll, 1993; Doll et al., 1991 Doll et al., , 1993 . The reliance on cold for extending the 'channel arrest' defense mechanism may be one reason why the metabolic suppression in brain when examined at higher temperatures is much less than in liver cells, down to about V 2 rather than !/ I0 th of normoxic rates (Doll et al., 1994) . The inability of acute anoxia to further extend channel arrest defenses may also be one explanation for why the main energy saving mechanism in turtle brain at constant temperature (Lutz, 1992; Sick et al., 1993) is down regulation of firing rates or synaptic transmission (termed "spike arrest" by Sick et al. [1993] ) presumably through adenosine-mediated down regulation of excitatory amino acid (especially glutamate) release with concomittant in-crease in release of inhibitory amino acids (Lutz, 1992; Nilsson, 1993) .
Another insight arising from these results is that the ATP turnover rate of anoxic turtle cortical brain cells is substantially higher than in the case of liver cells. Direct microcalorimetric measurements suggest that heat fluxes in anoxic brain cortical tissue are some 3 fold higher than in anoxic liver cells Doll et al, 1994) . In vivo, anoxic brain survival depends solely upon anaerobic glycolysis (Chih et al, 1989; Doll et al, 1993) fueled by plasma glucose derived ultimately from liver glucose. In essence, in order to keep ATP demand and ATP supply pathways in balance, the turtle brain utilizes a more modest metabolic arrest than in liver cells plus the arrest not of "leakage" channels but of channel functions involved in synaptic transmission.
Stabilizing metabolite concentration during hypoxic suppression of ATP turnover rates
A key biological outcome of the summed hypoxia defense processes is that turtle liver cells and brain cortical neurons remain in energy balance, as in normoxia. Because ATP demand and ATP supply pathways remain in balance, the concentrations of the high energy phosphate metabolites are sustained in the normal range as [glycogen] Chih et al, 1989; Lutz, 1992; Sick et al, 1993; Jackson, 1993; Doll et al, 1994) . In other hypoxia tolerant cells, for example in some invertebrate species, [adenylates] may decline modestly or even drastically but they stabilize at a new steady state (see Hochachka et al, 1996b for literature in this area). Maintenance of energy demand-energy supply homeostasis contrasts with the nonsteady state situation in hypoxia sensitive cells where continuous decline in [ATP] during O 2 lack is generally observed. To be sure, the fall in [ATP] is not necessarily the cause of cell death during oxygen limitation in hypoxia sensitive cells (Venkatachalam and Weinberg, 1993; Sick et al, 1993 ); yet the maintenance of energy demand-energy supply balance-often expressed as stable ATP concentrations in hypoxia tolerant cells-is considered to be a kind of signature of effective defense against hypoxia (Lutz, 1992) .
Summary perspectives
For the last quarter of this century, comparative biochemists have been probing defense mechanisms against limiting O 2 in hypoxia tolerant animals. Now, towards the end of the century, it is possible to construct a generalized overview of how hypoxia tolerant cells respond to oxygen lack (Fig. 1) . The main features include (i) a heme protein based oxygen sensing and signal transduction pathway that "tells" the cell when oxygen becomes limiting (or when to turn on hypoxia defense processes),
(ii) a set of genes (possibly including genes for glycolytic enzymes) whose expression is up regulated during oxygen limitation, (iii) a set of genes (possibly including genes for enzymes in gluconeogenesis and the Krebs cycle) whose expression is down regulated during oxygen limitation, (iv) a generalized decline in ATP demand pathways during oxygen lack, (v) a generalized decline in membrane permeability ('channel arrest') or in firing frequence ("spike arrest") in the case of nervous tissue, and (vi) a maintained balance between ATP demand and ATP supply pathways so that adenylate concentrations remain in a similar range in anoxia as in normoxia.
The main challenge for future research is filling in the details of this generalized map of the nature of hypoxia tolerance. In the context of the estuarine environment, perhaps the most crucial issue may be the interplay between time of exposure to hypoxic or anoxic stress and adaptive or protective responses of the organism. Additionally, we need to know (i) whether or not the above type of defense responses are widespread, (ii) what tissue and species specific patterns emerge, and (iii) how problems of recovery and reperfusion are handled. The latter problems (not covered in this short review) are of especial impor-tance, since there are good reasons for expecting that in most tissues in most organisms the impact of recovery and reperfusion following hypoxia or ischemia events may be more devastating than the oxygen limitation was in the first place.
